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Abstract
In this study, using the tephra dispersal model HAZMAP, we investigate the effect of using different meteorological
datasets and eruption source parameters on tephra fallout hazard assessment for a sub-Plinian eruption of Vesuvius,
which is considered as a reference case for hazard assessment analysis. We analyze the effect of using different
meteorological data, from: i) radio-sounding carried out at the meteorological station of Brindisi (Italy) between 1962
and 1976 and between 1996 and 2012, and at Pratica di Mare (Rome, Italy) between 1995 and 2013; ii) meteorological
models of the National Oceanic and Atmospheric Administration (NOAA), and of the European Centre for
Medium-Range Weather Forecasts (ECMWF). Furthermore, we consider the effects of perturbing reference eruptive
source parameters. In particular, we vary the total mass, the total grain-size distribution, the column height, and the
effective atmospheric diffusion coefficient to evaluate how these parameters affect the hazard probability maps.
Moreover, the effect of the seasonal variation of the wind field and the effect of the rain on the deposit loading are
considered. Results show that the parameter that mostly affects hazard maps is, as expected, the total erupted mass;
furthermore, keeping constant the erupted mass, the most important control on hazard is due to the particle terminal
settling velocity distribution which is a function of the total grain-size distribution, particle density and shape. Within
the considered range variations, the hazard depends less on the use of different meteorological datasets, column
height and effective diffusion coefficient.
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Introduction
Risk assessment for tephra fallout in the highly urbanized
area around Vesuvius (more than 1 million people) is an
important and difficult goal. The type of explosive activ-
ity may be defined on the basis of the information derived
from the past behavior of the volcano, currently quies-
cent since 1944. The Somma strato-volcano, the oldest
edifice, formed between 37 and 20 ka mainly by effusive
activity (e.g. Andronico et al. 1995; Cioni et al. 2003).
Recent activity of Vesuvius was characterized by differ-
ent eruptive styles depending on the conditions of the
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magmatic system. They ranged from Strombolian activi-
ties to sub-Plinian and Plinian eruptions (e.g. Cioni et al.
2008; Neri et al. 2008; Rolandi et al. 1993; Rosi et al. 1987;
Santacroce et al. 2008; Todesco et al. 2002). The largest
Plinian event is the “Pomici di Base” eruption occurred
around 18 ka (Bertagnini et al. 1998) formed a caldera that
was modified after other major explosive events (Cioni
et al. 1999). Other Plinian eruptions occurred at 8 ka, the
“Pomici di Mercato” eruption (e.g. Aulinas et al. 2008;
Mele et al. 2011); 3.8 ka, the “Pomici di Avellino” eruption
(e.g. Cioni et al. 2000) and in A.D. 79, the “Pompei” erup-
tion (e.g. Andronico and Cioni 2002; Barberi et al. 1989).
In between these major eruptions, Vesuvius explosive
activity was characterized by several sub-Plinian erup-
tions. The twomost recent of these major events occurred
in A.D. 472 (Rolandi et al. 2004; Rosi and Santacroce
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1983) and in A.D. 1631 (Barberi et al. 1989; Rolandi
et al. 1993; Rosi et al. 1993). Finally, the most frequent low
energy activity spans from Violent Strombolian to contin-
uous ash emission (Barberi et al. 1989; Cioni et al. 2008).
Tephra fallout from all these eruptions seriously affected
the Vesuvius area in the last 18,000 years (e.g. Cioni et al.
2003) but the impact of a future eruption will be substan-
tially higher because of the intense urbanization of the
area.
Macedonio et al. (1990) suggested that a shallowmagma
chamber at Vesuvius is currently supplied at a constant
rate and an event similar to the A.D. 1631 eruption
is expected. This scenario represented the “Maximum
Expected Event” (MEE) at Vesuvius for a short-medium
time window (Barberi et al. 1990; Cioni et al. 2003;
Macedonio et al. 1990).
The first probability map for tephra fallout at Vesuvius
was obtained by Barberi et al. (1990). They considered an
eruption with total mass of 1–2×1011 kg of tephra, wind
velocity distribution obtained by the analysis of a radio-
sounding station located in Brindisi (Italy) in the period
between 1962 and 1976, and results from a tephra disper-
sal model. This study allowed the evaluation of the extent
of the area around Vesuvius more likely to be affected by
roof collapses, which is mainly located in the east sec-
tor of the volcano. New assessment of tephra fallout was
carried out by Cioni et al. (2003) who evaluated the con-
ditional probability of a mass loading greater than a given
threshold, considering an event with total mass equal to
5×1011 kg, column heights spanning from 12 to 22 km,
the same wind velocity profiles recorded at Brindisi, and
four different total grain-size distributions. Other proba-
bility maps for different eruption scales, such as Plinian,
sub-Plinian, and Violent Strombolian events, were com-
puted by Macedonio et al. (2008) with the dispersal model
HAZMAP (Macedonio et al. 2005), using NCEP/NCAR
re-analysis wind data from 1968 to 2003. These authors
highlighted the different impact of those events with
respect to the MEE.
Tephra transport and dispersal models of various types
have been extensively used for hazard assessment at sev-
eral volcanoes around the world (e.g. Barberi et al. 1990;
Barsotti et al. 2015; Bonadonna et al. 2002; 2005; Bonasia
et al. 2011; 2012; Capra et al. 2008; Costa et al. 2009;
Hill et al. 1998; Jenkins et al. 2015; Macedonio et al.
2008; Scaini et al. 2012; Scollo et al. 2008; 2013; Sieron
et al. 2014). However, the eruption source parameters
of the considered reference scenario are commonly kept
fixed an their variability and uncertainty are rarely taken
into account. Moreover, meteorological data usually come
from a single database.
In this paper we present the main outcomes of a
detailed investigation of the effects of meteorological
datasets and key eruption source parameters on the fallout
hazard maps for the reference scenario adopted for the
Emergency Plan of Vesuvius (DPC 2001; 2015; Regione
Campania 2015). The goal is to highlight the role of the
uncertainty and the natural variability on the probability
maps commonly used for hazard assessment.
Method
In order to analyze the effect that the use of different
wind datasets and the variation of the main eruptive
source parameters have on the fallout hazard maps, we
used the HAZMAP model (Macedonio et al. 2005). The
HAZMAPmodel (freely available at http://datasim.
ov.ingv.it) is based on the solution of a simplified
2D equations of diffusion, transport and sedimentation of
small particles, describing the dispersion of tephra gen-
erated by a volcanic convective column. The HAZMAP
code was previously used to produce hazardmaps at Vesu-
vius (Macedonio et al. 2008) and Campi Flegrei (Costa et
al. 2009).
The investigation of the effects of tephra transport
model on the hazard maps is outside the scope of
this work, which is mainly focused on the analysis of
the effects of the meteorological and the volcanological
source parameters. In a previous work, Scollo et al. (2008)
found that, at Etna volcano, larger differences between the
output of tephra transport models are related to topo-
graphic effects, which strongly affect the dispersal of fine
particles for column heights lower than 12 km; however
these difference decrease in simulating higher eruption
columns (Scollo et al. 2008). With respect to Scollo et al.
(2008), who deal with a sensitivity analysis of tephra trans-
port at Etna for small to moderate eruptions, the present
work is focused on a sub-Plinian eruption at Vesuvius.
Here, we considered three different meteorological
radio-soundings datasets and three reanalysis models, a
range of total mass from 1011 to 1012 kg, effective atmo-
spheric (horizontal) diffusion coefficients from 1000 –
10,000m/s2, eruption column height from 14 – 22 km,
and a few different total grain-size distribution. The
effects of these variations were assessed on the area
having probability greater than 5 % of exceeding a
given deposit loading (e.g. 300, 500 and 1000 kg/m2).
The other considered input parameters are described
below.
Meteorological dataset
We performed a statistical analysis of wind speeds and
directions in the Vesuvius area using data obtained from
different datasets derived from radio-sounding stations
and from reanalysis. Radio-sounding launches are rou-
tinely performed by the Aeronautica Militare (the Italian
Air-Force); these data can be downloaded from the
web-site of the University of Wyoming (USA) or the
NOAA data center either in ASCII or NetCDF formats
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(Pincus and Rew 2010; Rew et al. 2010). Our investigation
considered the following meteorological data sets:
i) radio-soundings at Brindisi station, about 300 km
East of Vesuvius (here named BRIN) between 1962
and 1976. This dataset consists in 3125 observations
(some records are missing).
ii) radio-soundings at Brindisi (LIBR station) in the
period between 1 July 1996 and 31 December 2012.
This dataset consists of 18,482 records. Only records
containing data between ground level and 25,000m
above sea level, and with more than 8 data in this
altitude range, were selected for this work, resulting
in a dataset containing 12,788 records.
iii) radio-soundings at Pratica di Mare, Rome, about
190 km North-West of Vesuvius (LIRE station) in the
period between 1 November 1995 and 21 December
2013. This dataset consists of 21211 records. Only
records containing data between ground level and
25,000m above sea level, and with more than 8 data
in this altitude range, were selected for this work,
resulting in a dataset containing 14,976 records.
iv) daily average data from the NOAA NCEP/NCAR
Reanalysis 1 (NOAA1, 7305 records) model (Kalnay
et al. 1996), spatial resolution 2.52° × 2.52°, in the
period between 1991 and 2010, available in NetCDF
format.
v) 6-h averaged data from the global model of
NOAA-CIRES 20th Century (NOAA2, 29,220
records), spatial resolution 2° × 2°, between 1991 and
2010, available in the NetCDF format (Compo et al.
2006; Compo et al. 2011).
vi) 6-h averaged data of the global model ECMWF
ERA-Interim (ERAI, 29,220 records), spatial
resolution 0.75° × 0.75°, between 1991 and 2010,
available in GRIB format (Berrisford et al. 2011).
For all the reanalysis datasets, the nearest points to
Naples of the global grids, were considered as repre-
sentative of the entire area. Table 1 describes the main
features of the meteorological datasets used in this study.
For each dataset the coordinates of the station (or point
of the reanalysis grid), the distance from the Vesuvius,
the selected period, the acquisition frequency and the
distance between the vertical layers are reported. Data
acquired at different pressure levels are re-interpolated
at horizontal layers of thickness Z (see Table 1).
Figures 1, 2, and 3 report polar diagrams of different
dataset from ground up to 25–26 km above sea level.
However, in the tephra transport simulations, the wind
field above the maximum height of the volcanic column
was not considered.
Figures 1 and 2 show the polar diagrams of the different
winds datasets. For tephra dispersal simulations wind data
are averaged over horizontal layers 500m thick; however,
for sake of simplicity, the figures show data averaged over
thicker layers (4–6 km for the BRIN station and 5 km for
the others).
Figure 1 shows the polar diagrams of wind direction and
intensity at the Brindisi station (BRIN), recorded in the
period between 1962 and 1976, averaged on different hor-
izontal layers 4–6 km thick. The plots show the direction
towards which the wind blows (not the direction of prove-
nance). These data were previously used by Barberi et al.
(1990) and Macedonio et al. (1990) for the estimation of
the fallout hazard zone a Vesuvius.
Figure 2 shows the polar diagrams of the winds, aver-
aged on different horizontal layers 5 km thick, for the
LIBR, LIRE, NOAA1, NOAA2 and ERAI datasets used in
the present work. Again, here, the plots show the direction
towards which the wind blows. A comparison between the
plots shows no major differences among the datasets.
Wind direction and speed show a moderate seasonal
variation, similar to that described by Costa et al. (2009). A
statistics on this effect is reported in Fig. 3 for the ECMWF
ERA-Interim (ERAI) dataset. The other datasets do not
show significant difference with respect the ECMWF
dataset.
Total mass
The total erupted mass is the most important input
parameter having a first order effect. The estimation
of the total mass is commonly derived by field data
analysis (Bonadonna and Costa 2012; Bonadonna and
Houghton 2005; Pyle 1989) or by best-fit procedure
(Bonasia et al. 2010; 2012; Connor and Connor 2006;
Table 1 Meteorological datasets used in this study
Dataset Coordinates Distance Period Freq. Z
Radio-sounds BRIN 17.95°E, 40.66°N 300 km 1962 – 1976 daily 2000m
Radio-sounds LIBR 17.95°E, 40.66°N 300 km 1.7.1996 – 31.12.2012 ≈ 6 h 500m
Radio-sounds LIRE 12.45°E, 41.66°N 300 km 1.11.1995 – 21.12.2013 ≈ 6 h 500m
NCEP-NCAR Rean. I 15.00°E, 40.00°N 100 km 1.1.1991 – 31.12.2010 daily 500m
NOAA-CIRES Rean. II 14.00°E, 40.00°N 100 km 1.1.1991 – 31.12.2010 6 h 500m
ECMWF ERA-Interim 14.25°E, 40.50°N 40 km 1.1.1991 – 31.12.2010 6 h 500m
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Fig. 1 Polar diagrams of wind direction and intensity recorded at the
Brindisi station (Aeronautica Militare), about 300 km from Vesuvius, in
the period between 1962 and 1976. In the analysis we consider data
in the period between 1962 and 1976 (3125 records). Please note
that, differently from the convention usually adopted in meteorology,
these plots do not represent the direction of provenance of the wind,
but the direction towards which the wind blows
Costa et al. 2009; Pfeiffer et al. 2005; Scollo et al. 2008).
Keeping fixed the other parameters, the effect of the
total mass on the deposit loading, neglecting or simpli-
fying other non-linear phenomena (e.g. the aggregation
process, the variability of the wind, etc.), follows a linear
relationship.
A total mass of 2× 1011 kg was used by Barberi et al.
(1990) for assessing volcanic hazard from sub-Plinian
eruptions at Vesuvius. This value derived from an esti-
mate of the mass erupted during the main fallout phase of
the Vesuvius A.D. 1631 sub-Plinian eruption obtained by
Rosi et al. (1993), who found values in the range 4.5×1010
and 1.35×1011 kg, using the method of deposit thinning.
However this kind of estimation can have a large uncer-
tainty, depending on the quality and spatial distribution
of the data, up to a factor of four (Bonadonna and Costa
2012).
Moreover, the area with probability greater than a given
value (e.g. 5 %) of loading (e.g. 300 kg/m2) does not follow
a linear relationship for wide ranges of the total erupted
mass.
In this paper we use, as reference, the same total mass
adopted by Cioni et al. (2003), who proposed a value
of 5× 1011 kg as representative of sub-Plinian eruptions
at Vesuvius. This value was also adopted by the Italian
Department of Civil Protection for the reference sce-
nario at Vesuvius (DPC 2012). Moreover, we performed
a sensitivity analysis on the extension of the hazard zone
by varying the total mass between 1011 and 1012 kg, in
agreement with the corresponding volume range pro-
posed by Cioni et al. (2008) for the sub-Plinian (type I)
eruptions.
Total grain-size distribution
The Total Grain Size Distribution (TGSD) is very diffi-
cult to estimate (e.g. Bonadonna et al. 2015). The TGSD
is usually estimated from data obtained from the grain-
size analysis of samples collected in several places where
the thickness (or mass) is also known. The TGSD may
be evaluated using weighted average based on the iso-
masses (Carey and Sigurdsson 1982), on statistical meth-
ods (Bonadonna and Houghton 2005) or using best-fit
techniques (e.g. Bonasia et al. 2010; Costa et al. 2012; 2014;
Volentik et al. 2010). However, depending on the quality
of tephra sampling, the TGSD may have large uncertain-
ties (Barsotti et al. 2010; Bonadonna and Houghton 2005;
Bonadonna et al. 2015). Note also that a high percentage of
fine particles (up to 50 % Rose and Durant 2009) may fall
as aggregates and this phenomenon is often not consid-
ered in the analysis of probability maps. Due to the lack of
specific studies, the TGSD of Vesuvius has typically been
considered similar to the TGSD reconstructed for the 79
AD eruption (e.g. Barberi et al. 1990; Macedonio et al.
1988; 2008). During this eruption, magma fragmentation
and juvenile/lithic ratio changed with time (i.e. between
the “White” and “Gray” phases). Macedonio et al. (1988)
used the TGSD of the “Gray” phase as derived from the
analysis of the deposit of the pyroclastic flow associated
to the 79 AD eruption. The TGSD of the “White” phase
was assumed to have the same TGSD of the “Gray” phase
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Fig. 2 Comparison between the polar diagrams of wind direction and intensity of different meteorological datasets. LIBR: radio-soundings recorded
at Brindisi station (≈ 300 km from Vesuvius) between 1 July 1996 and 31 December 2012 (12,788 records); LIRE: radio-soundings recorded at Pratica
di Mare (Rome, ≈ 200 km form Vesuvius) station between 1 November 1995 and 21 December 2013 (14,976 records); NOOA1: data from the
NCEP/NCAR Reanalysis 1 (Kalnay et al. 1996), between 1991–2010 at 15E,40N (≈ 100 km from Vesuvius, daily averages, 7,305 records); NOAA2: data
from NOAA/CIRES 20th Century Reanalysis 2 (Compo et al. 2006, 2011) between 1991–2010 at 14E, 40N (≈ 100 km from Vesuvius, 6 h averages,
29,220 records); ERAI: data from the ECMWF Era Interim dataset (Berrisford et al. 2011) between 1991–2010 at 14.25E,40.5N (≈ 40 km from Vesuvius,
6 h averages, 29,220 records). Please note that, differently from the convention usually adopted in meteorology, these plots do not represent the
direction of provenance of the wind, but the direction towards which the wind blows
but with a lower proportion of lithic. Because of the lack
of data, the TGSD of smaller scale sub-Plinian eruptions
was assumed to be the same of the 79 AD Plinian eruption
but with a different juveniles/lithics ratio (Macedonio
et al. 1990).
In this work we considered the TGSD for Plinian and
Sub-Plinian eruptions of Macedonio et al. (2008), and
converted the TGSD to settling velocity distribution, as
described below.
Particle density
An analysis of particle types characterizing the TGSD of
the Vesuvius 79 A.D. eruption can be found in Macedonio
et al. (1988). Lithic particles usually show constant den-
sity whereas juvenile particles show a density variable with
the size (e.g. lower density for particles of greater size)
due to the presence of larger bubbles inside larger clasts.
The variation of the density of juvenile particles with their
size was analyzed by different authors (e.g. Bonadonna
and Phillips 2003; Walker 1971). For sake of consistency,
we used the same density variation as Macedonio et al.
(1990), who adopted a simplified function for describ-
ing the particle density variations. However, as shown by
Pfeiffer et al. (2005), particle density has a second order
effect on the settling velocity with respect to the particle
dimensions.
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Fig. 3 Polar diagrams of wind direction and intensity in different seasons. Data from the ECMWF Era Interim dataset (Berrisford et al. 2011) between
1991–2010 at 14.25E,40.5N (≈ 40 km from Vesuvius, 6 h averages, 29,220 records). Please note that, differently from the convention usually adopted
in meteorology, these plots do not represent the direction of provenance of the wind, but the direction towards which the wind blows
Particle aggregation
It is well known that smaller particles (diameter rang-
ing from sub-micron to tens of micron) fall as aggregates
with greater settling velocity than the single particles and
deposit in areas much closer to the volcano (Bonadonna
et al. 2002; Carey and Sigurdsson 1982; Cornell et al. 1983;
James et al. 2003). A few models aimed at describing the
aggregation processes, with different degree of complex-
ity, have been proposed (Armienti et al. 1988; Bonadonna
et al. 2002; Cornell et al. 1983; Costa et al. 2010; Folch
et al. 2010;Macedonio et al. 1988). One of the simplest and
more commonly used approach was suggested by Cornell
et al. (1983) in order to reproduce field observations of
the Campanian Ignimbrite eruption (see also Costa et al.
2012). Cornell et al. (1983) assumed that 50 % of vol-
canic ash with a diameter between 44 and 63μm (4 <
 < 4.6), 75 % of volcanic ash with a diameter between
31 and 44μm (4.6 <  < 5) and 100 % of volcanic ash
with diameter less than 32μm ( ≥ 5) fall as aggregates
of 200μm diameter and density of 200 kg/m3 (i.e. with
terminal settling velocity of about 0.2m/s). It is worth not-
ing that, because of the discretization in settling velocity
classes, different authors (e.g. Cioni et al. 2003;Macedonio
et al. 1988), implicitly accounted for aggregation pro-
cesses. In fact, since for computational reasons, velocity
classes were typically discretized in steps of 0.5m/s and
the lowest velocity class, where all the fines were included,
was 0.5m/s, that implies the class of 0.5m/s was implic-
itly considered as the effective settling velocity class of the
aggregates, a value similar to that used by Armienti et al.
(1988) for the 1980 Mt. St. Helens eruption.
Terminal settling velocity
The evaluation of particle terminal settling velocity from
the Total Grain Size Distribution (TGSD) is not trivial
because of the irregular and variable shape of the real
pyroclast particles (Armienti et al. 1988; Pfeiffer et al.
2005; Wilson and Huang 1979). Usually, it is obtained
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combining both theoretical models and experimental
measurements (e.g. Arastoopour et al. 1982; Bagheri et al.
2015; Dellino et al. 2005; Ganser 1993; Wilson and Huang
1979). The terminal settling velocity depends on parti-
cle size, shape, and density and plays an important role
on tephra dispersal (e.g. Pfeiffer et al. 2005). Normally,
the densest and greatest particles fall near the volcanic
vent, less dense and finest particles are instead dispersed
farther from the volcanic vent. This natural trend is not
valid in presence of significant volcanic ash aggregation,
as discussed above.
Figure 4 shows, for different settling velocity models, the
terminal settling velocity as a function of the particle size,
assuming the densities reported in Table 2.
In our analysis we consider different settling velocity
distributions (Fig. 5). The first settling velocity distribu-
tion (VSET-1990, Fig. 5a) has seven classes between 1 and
9m/s. In this distribution, the particles with speed greater
than 9m/s (about 6.25 %) are considered inside the last
class. This settling velocity distribution (Macedonio et al.
1990) was adopted for the definition of the “Maximum
Expected Event”, on which the 2001 Vesuvius Emergency
Plan was based (DPC 2001).The terminal settling velocity
distributions shown in Fig. 5b and c, were derived from
the TGSD introduced by Cioni et al. (2003) and identi-
fied as “79 type” (here, VSET-79) and “1631 type” (here,
VSET-1631). The last settling velocity distribution, shown
in Fig. 5d (VSET-2008), was derived from the TGSD of
sub-Plinian and Plinian eruptions at Vesuvius. This TGSD
was firstly presented by Cioni et al. at the Final Workshop
of the European Project “Exploris”, held in Naples (Italy)
on May 10–13 2006, and was adopted by Macedonio et al.
(2008) for volcanic hazard analysis at Vesuvius. As shown
Fig. 4 Terminal settling velocity (m/s) of juvenile and lithic particles as
a function of the particle size. The used models are Arastoopour et al.
(1982) reported in the legend as “Arast.” and Ganser (1993) reported
in the legend as “Ganser” using a sphericity of 0.9
Table 2 Grain size and particle density distribution used to
produce the settling velocity distribution “VSET-2008” reported in
Fig. 5d. Particle densities are from Macedonio et al. (1990)

Total Juveniles Lithics
wt% Density wt% Density wt%
−5 1 1400 80 2600 20
−4 4 1400 80 2600 20
−3 7 1400 80 2600 20
−2 6 1400 80 2600 20
−1 6 1400 80 2600 20
0 12 1700 80 2600 20
1 17 1700 80 2600 20
2 10 2300 80 2600 20
3 6 2300 80 2600 20
4 7 2500 80 2600 20
5 9 2500 80 2600 20
6 9 2500 80 2600 20
7 5 2500 80 2600 20
8 1 2500 80 2600 20
in Table 2, this TGSD includes an estimation, based on
field data, of the mass fraction of fine particles up to=8.
For this distribution ten velocity classes ranging between
0.5 and 18.5m/s with 2m/s steps were considered.
It is worth noting that, due to the variation of the
air density and viscosity with the altitude, the particle
settling velocity has different values at different heights
and changes, therefore, during the particle fall. For this
reason, in this work, the terminal velocity is evaluated
at each height by adopting the same approach used by
Pfeiffer et al. (2005), who considered an empirical settling
velocity-altitude relationship for each particle size.
Column height
Column height is an important input parameter of tephra
dispersal models. The height reached by the column
increases with the mass eruption rate (e.g. Wilson and
Walker 1987) and, for this reason, it is often used to esti-
mate the mass eruption rate from column observations.
Furthermore, particles leaving the eruption column at dif-
ferent heights are affected by different winds and can be
transported in different directions. In this study, the col-
umn height is set to 18 km, within the range 15–20 km
proposed by Cioni et al. (2008) for sub-Plinian (type I)
eruptions, and this value has been varied of about 20 %,
i.e. from 12 to 22 km. The vertical distribution of the par-
ticle mass in the column is parameterized according to
Suzuki (1983), assuming a shape coefficient of 4. This
parameterization was subsequently adopted, among oth-
ers, by Armienti et al. (1988); Macedonio et al. (2005) and
generalized by Pfeiffer et al. (2005).
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Fig. 5 Settling velocity distributions. a VSET-1990 used by Barberi et al. (1990) and Macedonio et al. (1990); b VSET-79, used by Cioni et al. (2003);
c VSET-1631 used by Cioni et al. (2003); d VSET-2008, used by Macedonio et al. (2008). See text for explanation
Horizontal diffusion coefficient
The effective horizontal atmospheric diffusion coefficient
is an empirical parameter adopted in plume models,
that describes the effective spreading due to atmospheric
turbulence and gravitational spreading at the Neutral
Buoyancy Level (Costa et al. 2013). It is usually obtained
by best-fit procedure (e.g. Bonadonna et al. 2002; Bonasia
et al. 2010; Macedonio et al. 1988) and typically ranges
between 102 and 104 m2/s. Studies on Vesuvius erup-
tions have shown that the horizontal diffusion coefficient,
for sub-Plinian and Plinian eruptions, for the target area,
ranges between 1000 and 10,000m2/s (Bonasia et al. 2010;
Macedonio et al. 1988).
Results
In this section we analyze the sensitivity of hazard maps
to a change in the input parameters. We take as reference
parameter the area with probability greater than 5 % of a
loading equal to 300 kg/m2, although we explore also the
effects on other thresholds. The choice of the thresholds is
consistent with the values typically adopted by the Italian
Department of Civil Protection for zoning the fallout haz-
ard in the Emergency Plan (DPC 2001; 2015; Regione
Campania 2015). The main input parameters are reported
in Table 3. In the following subsections, we discuss how
the extension and shape of the hazard zone changes by
varying the meteorological wind field dataset, the total
mass of the eruption, the particles settling velocity dis-
tribution, the column height, and the effective diffusion
coefficient.
Effect of the meteorological dataset
The meteorological conditions play a major role in
defining the zone subject to tephra fallout. As men-
tioned before, we tested both data from radio-soundings
recorded in different locations in Italy and data from
model reanalysis performed by the NOAA and the
ECMWF meteo centers. As shown in Fig. 6, the hazard
maps do not show significant differences associated to the
use of different meteorological data. In particular, using
the radio-soundings BRIN, LIBR, and LIRE we obtain
a hazard area of 933, 955 and 991 km2, respectively,
Table 3 Computational and input parameters
Description Reference Variation range
Total mass 5×1011 kg 1011–1012 kg
Column height 18 km 12 – 22 km
Horizontal diffusion coefficient 5000m2/s 1000 – 10000m2/s
Column shape (Suzuki coefficient) 4 unchanged
Meteorological data ERA Interim see Table 1
Settling velocity distribution VSET-2008 VSET–1990, –79, –1631,–2008
Grid spacing 400×400m unchanged
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Fig. 6 Effect of the meteorological dataset on the hazard maps. Contours represent the probability of loading greater that 300 kg/m2. Upper plots
(BRIN, LIBR and LIRE) refer to radio-soundings, whereas the lower plots (NOAA1, NOAA2 and ERAI) refer to data Reanalysis. The extent of the area
within the 5 % probability contour is 993, 955, 991, 966, 962 and 972 km2, respectively, for the BRIN, LIBR, LIRE, NOAA1, NOAA2 and ERAI dataset (see
also Fig. 7). In the background are reported the “Red Zone” (hazard from pyroclastic flows and lahars) and the “Yellow Zone” (hazard from ash fallout)
of the actual Emergency Plan of Vesuvius (DPC 2015; Regione Campania 2015)
whereas the reanalysis datasets NOAA1, NOAA2 and
ERAI give a hazard area of 966, 962 and 972 km2, respec-
tively. The difference in the area extension, for loading
of 300 kg/m2, is therefore lower than 2 % and shows
that the use of different meteorological datasets has a
minor effect on the hazard distribution. Moreover, we
compared also the hazard area for tephra loading equal
to 500 and 1000 kg/m2. Results are shown in the his-
togram of Fig. 7. Differences in the hazard area, again
represented as the area with probability greater than 5 %,
obtained by using different meteorological datasets, are 2,
2.4 and 6.6 %, respectively for ash loading of 300, 500 and
1000 kg/m2.
Figure 8 shows the seasonal effect on the extension
of the hazard zone. The four seasons Spring, Summer,
Autumn, and Winter are each represented by a subset
of three months extracted from the total dataset (Spring:
from March 1 to June 30, Summer: from July 1 to
September 30, Autumn: from October 1 to December
31, Winter: from January 1 to February 28/29). For
Fig. 7 Area with probability greater than 5 % of ash loading equal to a
given threshold, for different meteorological datasets. Datasets BRIN,
LIBR and LIRE refer to radio-soundings, whereas datasets NOAA1,
NOAA2 and ERAI refer to data reanalysis (see text). The histogram
shows that the use of different meteorological dataset does not affect
significantly the extension of the hazard zone
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Fig. 8 Effect of the season on the hazard maps. Contours represent the probability of loading greater that 300 kg/m2, for the reference scenario. The
ECMWF ERA Interim (ERAI) dataset was used. The areas enclosed by the 5 % probability contour is 1004, 861, 965 and 1008 km2, for Spring, Summer,
Autumn and Winter, respectively. In the background are reported the “Red Zone” (hazard from pyroclastic flows and lahars) and the “Yellow Zone”
(hazard from ash fallout) of the actual Emergency Plan of Vesuvius (DPC 2015; Regione Campania 2015)
Fig. 9 Effect of the dataset dimension on the extension of the hazard
maps. The plot represents the extension of the area enclosed in the
5 % probability contour for a tephra loading of 300 kg/m2 for different
population of the wind dataset, from 1 – 20 years. The ECMWF ERA
Interim (ERAI) dataset was used. The first year of each dataset was
kept fixed at 1991
Fig. 10 Effect of the total erupted mass on the hazard area. The three
curves represent the area with a probability greater than 5 % of
exceeding a tephra load of 300, 500 and 1000 kg/m2, respectively.
Column height, meteorological dataset, horizontal diffusion
coefficient, settling velocity distribution are from the reference case,
reported in Table 3
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Fig. 11 Effect of the terminal settling velocity on the hazard maps (300 kg/m2). Contour lines represent different probabilities of loading greater
than the threshold 300 kg/m2. Total mass is 5 ×1011 km, column height of 18 km and diffusion coefficient of 5000m2/s. Wind dataset is from the
ERA-Interim of the ECMWF model between 1991 and 2010. Each frame represents the probability distribution of a simulation with all particles of just
one terminal settling velocity. The aim of this plot is to show how the different settling velocity class contribute to the extension of the hazard maps.
Maximum extension is obtained for particles with settling velocity of 5m/s (2,983 km2). In the background are reported the “Red Zone” (hazard from
pyroclastic flows and lahars) and the “Yellow Zone” (hazard from ash fallout) of the actual Emergency Plan of Vesuvius (DPC 2015; Regione
Campania 2015)
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Fig. 12 Effect of the terminal settling velocity on the hazard maps (500 kg/m2). Contour lines represent different probabilities of loading greater
than the threshold 500 kg/m2. Input parameters as for Fig. 11. Maximum extension is obtained for particles with settling velocity of 6m/s
(1,831 km2). In the background are reported the “Red Zone” (hazard from pyroclastic flows and lahars) and the “Yellow Zone” (hazard from ash
fallout) of the actual Emergency Plan of Vesuvius (DPC 2015; Regione Campania 2015)
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Fig. 13 Effect of the terminal settling velocity on the hazard maps (1000 kg/m2). Contour lines represent different probabilities of loading greater
than the threshold 1000 kg/m2. Input parameters as for Fig. 11. Maximum extension is obtained for particles with settling velocity of 10m/s
(886 km2). In the background are reported the “Red Zone” (hazard from pyroclastic flows and lahars) and the “Yellow Zone” (hazard from ash fallout)
of the actual Emergency Plan of Vesuvius (DPC 2015; Regione Campania 2015)
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sake of simplicity, only hazard maps obtained from the
ECMWF ERA-Interim dataset, in the period 1991–2010,
are shown. The areas enclosed in the 5 % probability con-
tour for the tephra loading of 300 kg/m2 are 1004, 861, 965
and 1008 km2 for Spring, Summer, Autumn and Winter,
respectively, suggesting that inWinter, and to some extent
Spring, probabilities for exceeding the given ash thickness
thresholds will be larger, and extend slightly towards the
east in Summer.
Finally, an analysis on the temporal length of the wind
dataset was also performed. Figure 9 shows the extension
of the hazard area (area with probability greater than 5 %
of tephra loading equal to 300 kg/m2), for datasets with
different temporal extension. The test was performed for
the ECMWF ERA-Interim dataset only. This figure shows
that the extension of the hazard zone is almost stable when
datasets temporally extending for more than about 5 years
are used.
Effect of the total mass
The erupted mass is the primary parameter affecting the
extension of the hazard zone. As we mentioned above,
keeping fixed all other parameters, a variation in the total
mass produced a linear variation in the deposit loading. In
general, the relationship between the total mass and the
extension of the area having a given probability of being
covered by a deposit of a given threshold is not linear,
because of the non-linearity of the operation of thresh-
olding (thresholding produces a null hazard area when
the erupted mass is insufficient for reaching the given
loading).
However, within the investigated range of erupted mass,
a quasi-linear relationship between the extension of the
hazard zone and the total mass was obtained, for different
loading thresholds, as shown in Fig. 10.
Effect of the terminal settling velocity
The variation of the terminal settling velocity distribution,
and therefore of the TGSD, affects the probability maps in
a way that is not straightforward and obvious. Such under-
standing is important to better explain the discrepancies
that may arise when different TGSDs (and consequently
terminal settling velocity distributions) are used in tephra
dispersal models for hazard assessment. Particles having
smaller settling velocities are dispersed on a greater area
with a decrease of the deposit loading. In order to per-
form this analysis, we assume a synthetic eruption mix-
ture composed of particles belonging just to one terminal
settling velocity class. The considered terminal settling
velocity ranges between 0.5 and 30m/s. As reference, the
total mass is set 5 × 1011 kg, the column height 18 km,
and the horizontal diffusion coefficient 5000m2/s. The
meteorological dataset ERA-Interim of ECMWF between
1991 and 2010, with a time steps of 6 h and 29,220 wind
profiles, was used. Results of the tephra dispersal simula-
tions are reported in Fig. 11. It is worth noting that there
is a class of terminal settling velocity that produces a max-
imum area for a given deposit load (≈5m/s, for a loading
of 300 kg/m2). The simulations obviously represent only a
theoretical situation because all real eruptions eject a large
number of particle sizes spanning several orders of mag-
nitude. However, these results demonstrate clearly that
there are some particles sizes that give a greater contribu-
tion on tephra loading in the target area. As mentioned
above, this effect is due to the fact that the particles hav-
ing a small terminal settling velocity disperse on a greater
area and, consequently, the mass loading will not exceed
the threshold of 300 kg/m2, except for a small amount of
particles that are released from the lower part of the col-
umn height whose loading overcomes 300 kg/m2 near the
volcanic vent only. Figures 12 and 13 show the probabil-
ity maps for loading thresholds of 500 and 1000 kg/m2,
respectively, for each settling velocity class. As it can be
noted, that the velocity class that produces the maxi-
mum hazard area varies with the hosen loading threshold.
Figure 14 reports the effects of the terminal settling veloc-
ity of volcanic particles on the area with deposit load of
300 kg/m2 (probability map of 5 %) for different eruption
and weather conditions.
To study the effect of the whole settling velocity distri-
bution, we performed simulations using the four different
distributions defined above: VSET-79, VSET-1900, VSET-
1631, and VSET-2008. Results, reported in Fig. 15, show
Fig. 14 Effect of the terminal settling velocity of the ash particles on
the extension of the hazard zone. The hazard zone is represented by
the area enclosed by the 5 % probability contour of a deposit loading
equal to 300 kg/m2. Eruption column ranges between 16 and 18 km,
the diffusion coefficient between 3000 and 5000m2/s. We use
radio-sounding between 1962–1976 (Aeronautica Militare) recorded
at Brindisi (BRIN), radio-sounding between 1962–1976 recorded at
Pratica di Mare station between 1995–2013 (LIRE), 6-h NOAA-CIRES
Reanalysis-2 model between 1991–2010 (NOAA) and of ECMWF
ERA-Interim Full Resolution model between 1991–2010 (ERA)
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Fig. 15 Effect of the settling velocity distribution of the pyroclastic particles on the probability maps for a deposit load equal to 300 kg/m2. The area
enclosed within the 5 % probability contour is 1232, 1356, 1319 and 972 km2, respectively, for the distribution VSET-1990, VSET-79, VSET-1631 and
VSET-2008. In the background are reported the “Red Zone” (hazard from pyroclastic flows and lahars) and the “Yellow Zone” (hazard from ash fallout)
of the actual Emergency Plan of Vesuvius (DPC 2015; Regione Campania 2015)
that the settling velocity distribution VSET-2008 produces
a smaller hazard area; this is caused by the greater fraction
of fine particles (particles with settling velocity smaller
that 5m/s) with respect to the other particle settling
velocity distributions considered.
Effect of the column height
The column height has an important effect on the prob-
ability maps. For example, keeping fixed the terminal
settling velocity equal to VSET-2008 (Fig. 5d) and the dif-
fusion coefficient equal to 5000m2/s, variations of 10 km
in the column height (from 12 km up to 22 km) produce
differences of 23, 35 and 49 % in the area enclosed by
the 5 % probability contour, for loading thresholds of
200, 300 and 400 kg/m2, respectively. Typically, keeping
constant all the other source parameters, the higher the
columns, the smaller the hazard area defined by a given
loading threshold, as a consequence of the larger tephra
dispersal. In the investigated range of column height, the
hazard area decreases almost linearly with the increase of
the column height. Figure 16 shows the probability map
for ash loading exceeding 300 kg/m2. For this simulation,
we used the VSET-2008 settling velocity distribution and
meteorological data from the ERA-Interim Full Resolu-
tion of ECMWF model between 1991–2010. In this case,
the area enclosed by the 5 % line ranges between 840 and
1175 km2 for column height of 22 and 12 km, respectively.
Effect of the horizontal diffusion coefficient
Results from the parametric study shows that the hor-
izontal diffusion coefficient is also critical in defining
the hazard area. Figure 17 shows the area with probabil-
ity greater than 5 % of tephra loading greater equal to
300 kg/m2 for different values of the horizontal diffusion
coefficient. The hazard area decreases with the increase in
the diffusion coefficient. This is again due to the spreading
of tephra over a larger area and the consequent decrease
of the deposit loading. However, for Plinian and sub-
Plinian eruptions at Vesuvius, for the target area, this
empirical parameter (Costa et al. 2013) typically varies
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Fig. 16 Hazard maps for different column height. Contour lines represent the probability of loading equal to 300 kg/m2. We used ECMWF
Era-Interim winds dataset and settling velocity distribution VSET-2008. As can be noted, keeping constant the total erupted mass, and in the
investigated range of column heights, the higher the column, the smaller the hazard area. This effect is related to the larger dispersal of the mass
with the increasing of the column height. In particular, the area enclosed within the 5 % probability contours is: 1175, 1115, 1045, 975, 905 and
840 km2, respectively, for column height 12, 14, 16, 18, 20 and 22 km. In the background are reported the “Red Zone” (hazard from pyroclastic flows
and lahars) and the “Yellow Zone” (hazard from ash fallout) of the actual Emergency Plan of Vesuvius (DPC 2015; Regione Campania 2015)
between 3000 and 5000 m2/s (e.g. Macedonio et al. 1988,
Macedonio et al. 2008), resulting in a variation of about 6
% of the hazard area.
Concluding remarks
This work presents the results of a sensitivity analysis on
tephra fall probability maps, based on a reference sce-
nario, with the aim to evaluate the variability due to
the use of different meteorological datasets and differ-
ent eruption source parameters. The considered reference
event is a sub-Plinian eruption of Vesuvius with a total
mass of 5× 1011 kg and a column height of 18 km. For
comparison purposes, this study refers to the area with
probability greater than 5 % of tephra loading equal to
300 kg/m2, here referred as “hazard zone”, although also
loading of 500 and 1000 kg/m2 were investigated. These
tephra loads are comparable with the collapse thresholds
of roofs from low tomedium-high resistance (Spence et al.
2005; Zuccaro et al. 2008).
From the simulation outcomes, we found that the total
erupted mass has a first order effect on the extension of
the hazard zone. The particles settling velocity also plays
a crucial role, whereas the use of different meteorological
datasets, and column height within the considered range
do not affect significantly the hazard extension. Simula-
tions show that there are some particles sizes that give a
greater contribution on tephra loading in the target area.
This effect is due to the fact that the particles having a
different terminal settling velocity disperse on a different
area. Since the particle settling velocity distribution, or the
associated TGSD, is not easy to estimate, the probability
maps are affected by large uncertainties. In fact, as men-
tioned above, the TGSD can be assessed by field analysis
using statistical approaches (e.g. Bonadonna and Costa
2013; Bonadonna and Houghton 2005) or by inverse mod-
eling (Bonasia et al. 2010;Mannen 2006) and the quality of
this estimation strongly depends on the quantity and qual-
ity of the data (e.g. Barsotti et al. 2010; Bonadonna et al.
2015). The lacking of proximal points, often inaccessible,
and distal points, often eroded or unavailable (e.g. in the
sea), may in fact seriously affect the assessment of the total
grain-size distribution (Bonadonna and Houghton 2005;
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Fig. 17 Area with probability greater than 5 % of tephra loading
equal to 300, 500 and 1000 kg/m2, for different values of the
horizontal diffusion coefficient. Figure shows the variation of the
hazard area for a diffusion coefficient ranging between 1000 and
10,000 m2/s, for three different loading thresholds. Typically, for
Plinian and sub-Plinian eruptions at Vesuvius the diffusion coefficient
varies between 3000 and 5000 m2/s, resulting in a variation of less
than 6 % of the hazard area
Bonadonna et al. 2015; Bonasia et al. 2010). Our anal-
ysis shows that at the investigate latitude (≈ 42°N) the
wind field shows important seasonal variations at altitudes
greater than about 15 km. For the considered reference
scenario (column height 18 km), this leads to a variation
of about 15 % in the extension of the hazard zone between
Summer and Winter.
As a final remark, concerning the tephra loading, we
need to consider the potential effect of rain. In fact,
tephra fall deposits are porous and incoherent. In case of
rain, tephra deposits are able to absorb water within the
pores up to a maximum level, beyond which the deposit
becomes unstable and mobilized. Typically, the limit of
instability is reached for volume fractions of water in the
range of 23–47 % (Pierson 1986). Before mobilization, the
load is given by the sum of the deposit load plus the load
of the rain stored by the deposit (Macedonio and Costa
2012). An estimation of the contribution of the rain to
the deposit load, applied to the pyroclastic deposits in
the Neapolitan area was considered by Macedonio and
Costa (2012) that account for the statistics of the rains in
the Neapolitan area (Fiorillo andWilson 2004; Macedonio
and Costa 2012). In order to estimate the maximum
tephra load, Macedonio and Costa (2012) assumed that
the deposit absorbs all the water up to the limit of re-
mobilization or up to the maximum available water. In
the latter case, they considered the maximum events of
rain in the Neapolitan area during the last century (about
200mm of rain per month, and the extreme event of
500mm). This study demonstrated that, in case of rain,
the load can increase easily of 100–200 kg/m2. On the
basis of these considerations, for our study, the absorption
of 100 kg/m2 of water in a deposit can increase the hazard
area (area with probability greater than 5 % of a load-
ing equal to 300 kg/m2) from 972 to 1660 km2, for the
reference scenario.
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